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Abstract 
An artificial roughness on the heat transfer surface in the form of projections mainly creates turbulence 
near the wall or breaks the laminar sub-layer and thus enhances the heat transfer coefficient. In the 
present work the performance of a solar air heater duct provided with artificial roughness in the form of 
thin circular wire in V-shaped, Multi v-shaped ribs and Multi v-shaped ribs with gap geometries has been 
analyzed using CFD. The effect of these geometries on heat transfer and friction factor and performance 
enhancement was investigated covering the range of roughness parameters V-shaped, Multi v-shaped 
ribs, Multi v-shaped ribs with gap and working parameters. Different turbulent models have been used for 
the analysis heat transfer and friction factor and their results are compared with Dittus-Boelter Empirical 
relationship for smooth surface. Renormalization k-epsilon model based results have been found in good 
agreement and accordingly this model is used to predict heat transfer and friction factor in the duct. 
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1. Introduction 
    Solar air heaters form the major component of solar energy utilization system which absorbs the 
incoming solar radiation, converting it into thermal energy at the absorbing surface, and transferring the 
energy to a fluid flowing through the collector. Forced convection heat transfer in smooth and roughened 
ducts has been investigated by several investigators, and a large amount of useful information is available 
in the Literature. Numerous studies in the form of wires and ribs of the heat transfer and flow 
characteristics of a roughened air duct have been reported by Prasad and Saini [1], Gupta et al. [2], 
Momin et al. [3], Chaube et al.,[4], Sharad and Saini [5], Karmare and Tikekar[6] and  Hans et al. [7]. 
Kumar et al.,[8,9], Aharwal et al.,[10].  In the present work roughness in the form of V-shaped, Multi v-
shaped, and Multi v-shaped with gap geometries has been used. The heat transfer and fluid flow analysis 
of the chosen roughness elements has been carried out three dimensional (3D) models. 
 
Nomenclature 
Gd            Gap distance, m 
Lv             Length of single v shaped rib, m 
Gd/Lv        Relative gap distance 
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D              Hydraulic diameter of duct, m  
e               Rib height, m 
e/D           Relative roughness height 
fs                       Friction factor of smooth duct 
f                Friction factor of roughened duct 
g               Gap width, m  
g/e            Relative gap width 
H              Depth of duct, m 
Nu            Nusselt number of roughened duct 
Nus                 Nusselt number of smooth duct 
P               Pitch of the rib, m 
P/e            Relative roughness pitch 
W             Width of duct, m 
w              Width of single v-shaped rib, m 
W/w          Relative roughness width ratio 
 
Greeks 
α               Angle of attack, degree 
    η              Thermo-hydraulic performance parameter 
 
2. Details of Experimental set-up 
    A schematic diagram of experimental setup is shown in Fig.1. It consists of an entry section, test 
section, exit section, a flow measuring orifice-meter and a centrifugal blower with a control valve. The 
wooden rectangular duct having a size of 2400 mm×300mm×25mm and is provided with an entrance 
section, a test section and an exit section of lengths 525mm, 1000mm and 875mm, respectively, including 
the length of plenum on the exit side in order to minimize the end effects on the test section [11]. An 
electric heating element was fabricated by combining six loops of nichrome wire in series and parallel, 
having a size of 1525mm×300mm, to supply a uniform heat flux 1000 watt per meter to the absorber 
plate which is considered to be reasonably good value of heat energy input for testing solar air heaters.  
3. Roughness geometry and roughness parameters 
The relative roughness width (W/w) values are selected as 6, based on the optimum value of this 
parameter reported in the literature [7]. Selected other parameters such as, relative gap distance (Gd/Lv) 
values is selected 0.69, relative gap width (g/e) values is selected as 1.0, aspect ratio (W/H) values is 
selected as 12,  relative roughness pitch (P/e) values is selected as 10, relative roughness height (e/D) 
values is selected as 0.043 and angle of attack (α) value is selected as 60°, based on the optimum values 
of theses parameters reported in the literature [1,2,3,4,5,6,7]. 
 
 
Fig.1. Schematic Diagramme of Experimental Set-up. 
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Fig 2. (a) V-shaped rib (b) Multi v-shaped rib (c) Multi v-shaped with gap rib. 
 
Figs.2 shows the general geometry of the different V-shaped rib roughness. Table.1 shows in the values 
of flow and roughness parameters for this study. 
 
Table. 1 Range of Parameters. 
Rib shapes and parameters 
V-shaped rib 
(P/e=10,e/D=0.043, α=60°) 
Multi v-shaped rib 
(W/w=6, P/e=10, 
e/D=0.043, α=60°) 
Multi v-shaped ribs with gap 
(W/w=6, P/e=10, e/D=0.043, α=60°, 
g/e=1.0, Gd/Lv=0.69) 
 
3. Computational fluid dynamics (CFD) 
              Computational fluid dynamics is analysis of the system involving fluid flow heat transfer and associated 
phenomena such as chemical reaction by means computer based simulation. 
      In this investigation a three dimensional numerical simulation of the conjugate heat transfer and fluid 
flow was conducted using the CFD code FLUENT 6.3.26. The modeling was carried out in order to 
predict and explain the experimental observations. Computational fluid dynamics (CFD) codes make it 
possible to numerically solve heat, flow, mass and energy balances in complicated flow geometries such 
as a Multi v-shaped with gap, Multi v-shaped, V-shaped as a solar air heater duct. The CFD modeling 
involves numerical solutions of the conservation equation for mass, momentum and energy. These 
equations for incompressible flows can be written as follows: 
Mass conservation 
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   Energy equation                                                                              
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The instantaneous exact governing Eqs.[1-3] can be averaged in time and in space or otherwise 
manipulated to remove these small scales, resulting in a modified set of equations that are 
computationally easier to solve. In the present study, the RNG versions of k–epsilon turbulence model 
[31] with enhanced wall functions for the near wall treatment were used to model the turbulent flow 
regime. In  the modelling part of the present study, the domain solutions which consists of a different 
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shaped roughness geometries of the roughened solar air heater duct was meshed into almost from 
1,700,000 to 2,000,000 tetrahedral cells depending on different shaped geometries. 
3.1 Modeling in GAMBIT 
3.1.1 Geometry and grid arrangement 
The solution domains used for CFD analysis has been generated as shown Fig.3. The arrangement of 
domain solution in the form of smooth surface, V-shaped ribs, Multi v-shaped ribs and Multi v-shaped 
ribs with gap. The arrangement of roughness elements in the form of V-shaped ribs, Multi v-shaped ribs 
and Multi v-shaped ribs with gap fixed on the underside of the absorber plate has been considered. The 
duct used for CFD analysis having the height (H) of 25 mm and width (W) of 300 mm. Other detailed of 
V-shaped ribs (W/w=1, P/e=10, e/D=0.043, α=60°), Multi v-shaped ribs(W/w=6,P/e=10, e/D=0.043, 
α=60°) and Multi v-shaped ribs with gap(W/w=6,Gd/Lv=0.69,g/e=1.0,P/e=10, e/D=0.043, α=60°) has 
been considered. A uniform heat flux of 1000 W/m2 was considered for analysis. Roughness was 
considered at the underside of the top of the duct to have roughened surface while other three sides were 
considered as smooth surface. 
 
Fig.3  Solution domain CFD analysis for (a) smooth duct (b) V-shaped ribs (c) Multi v-shaped ribs(d) 
Multi v-shaped ribs with gap. 
 
The 3D solution domain and grid were selected as shown in Fig.4. For the present work, meshing has 
been done using commerically available software GAMBIT 2.3.16. The size and number of control 
volumes (mesh density) are user determined and will strongly influence the accuracy of the solutions. 
After boundary conditions has been implemented the flow and energy balances are solved by an iteration 
process the decreases the error in the solution until a satisfactory results has been reached. 
 
Fig4. Meshing of the solar air heater duct (a) Smooth surface (b) V-shaped rib(c) Multi v-shaped ribs (d) 
Multi v-shaped with gap. 
3.2 Analysis in FLUENT 
3.2.1 Boundary conditions 
         The boundary conditions as shown in Fig.5 as inlet, outlet, heat flux (absorber plate), insulated wall 
and the fluid zones are defined as per experimental set up. 
3.2.2 Selection and validation of the model 
         The selection of model is carried out by comparing the predictions by different turbulent models 
with experimental results available in the literature [3,4,5,6,7].  
The different models namely Renormalization (RNG) group k-epsilon model, Standard k-epsilon model, 
Realizable k-epsilon model, and Shear Stress Transport (SST) k-omega model have been tested for 
smooth duct to find out the validity of the models. 
Nu=0.024Re0.8Pr0.4                                                                                                                                      (4) 
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Fig.6 shows the variation of Nusselt number with Reynolds number for different models and the results 
are compared with results computed from the Dittus-Boelter empirical relationship for a smooth duct. It 
has been observed that the results obtained by Renormalization (RNG) group k-epsilon model are in good 
agreement with Dittus-Boelter empirical results. It is therefore, for the present numerical study 
Renormalization (RNG) group k-epsilon model has been employed to simulate the flow and heat transfer.  
 
       Fig. 5 Boundary conditions.                                          Fig. 6. Comparison between Nusselt number  
                                                                                              with different  models for smooth surface. 
RNG k-epsilon model 
The RNG model was developed using Re-Normalization group (RNG) methods to renormalize the Navier 
strokes equations, to account for the effects of smaller scales of motion. In the standard k-ε model the 
eddy viscosity determined from a single turbulence length scale, so the calculated turbulent diffusion. The 
following equations were used for the k-epsilon models. 
Transport equations 
μ
μ ሺρሻ ൅
μ
μ ሺρሻ ൌ
μ
μ ൤൬μ൅
μ୲
σ୩൰
μ
μ൨ ൅ ୩ ൅ ρεሺͷሻ 
μ
μ ሺρεሻ ൅
μ
μ ሺρεሻ ൌ
μ
μ ൤൬μ൅
μ୲
σε൰
με
μ൨ ൅ ଵε
ε
 ୩ െ 
כʹερ ε
ଶ
 ሺ͸ሻ 
Constant (RNG K-epsilon model). 
Cμ=0.0845,σk=0.7194, σε=0.7194,Cε1=1.42, Cε2=1.68,ηo=4.38, β=0.012 
 
4. Results and discussion 
    The major objectives of this investigation is to see the effects of V-shaped ribs ,Multi v-shaped ribs and 
Multi v-shaped ribs with gap roughened solar air heater duct with the help of Computational fluid 
dynamics (CFD) software on heat transfer and friction factor. 
 
4.1 Temperature Profile 
       As shown in the Fig.7 variation of the static temperature of the smooth surface solar air heater duct in 
three dimensional and top of the duct is considered a hot absorber plate and uniform distribution of heat 
flux. Atmosphere air enters at the rectangular duct and flows under the absorber plate (smooth surface) 
and flow is uniform. 
       Most of the flow which occurs in practical applications is in general turbulent in nature. In the 
turbulent region, the velocity of the particles very near to surface becomes almost zero. In this region the 
particle have very low kinetic energy. This region is called laminar sub-layer. As shown in the Fig.8 V-
shaped ribs are attached underside of the absorber plate these ribs breaking and disturbing the laminar sub 
layer and flow is wavy flow.  
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  Fig.7. Temperature profile in the smooth duct.            Fig.8. Temperature profile in the roughened duct. 
 
4.2 Velocity Profile 
      As shown in the Fig.9 velocity profile on the smooth surface and increase the fluid temperature along 
the length of the duct and outlet of the duct a fluid temperature is maximum. V-shape ribs help in the 
formation of two leading ends (where heat transfer rate is high) and a single trailing ends (where heat 
transfer rate is low) resulting in much large increase of heat transfer as shown in the Figs.10&11. 
Increasing the relative gap width ratio (W/w) also increasing number of leading ends and number of 
secondary flow cells as shown in the Figs.10&12. Producing gap in the Multi v-shaped ribs allow to 
release secondary flow. As shown in Fig.14 in the present Computational fluid dynamics (CFD) based 
analysis Multi v-shaped ribs with gap considered underside of the absorber plate. The atmospheric air 
enters at the rectangular duct and flows under absorber plate which is uniform distribution of heat flux. 
Creating gap in the Multi v-shaped ribs allow release of the secondary flow along the rib joins the main 
flow to accelerate it, (see Figs.13&14) which energizes the retarded boundary layer flow along surface 
resulting in enhancement of heat transfer as shown in Fig.12 the air temperature increase (indicate red 
color is maximum temperature) along the length of the duct. 
 
 
  Fig.9. Velocity profile on the smooth surface.                 Fig. 11 Velocity profile on the V-shaped ribs. 
 
 
 Fig.10. Flow pattern of secondary flow for Multi v-shaped rib. 
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Fig. 12. Velocity profile in the Multi v shaped ribs.        Fig. 14 Velocity profile in the Multi v shaped ribs                
                                                                                          with gap. 
 
 
Fig. 13.  Flow pattern of secondary flow for Multi v-shaped rib with gap. 
 
4.3 Effect of different shaped roughness geometries on Nusselt number (Nu) 
      The shape and the size of the V-shape ribs, Multi v-shaped ribs geometries were selected on the basis 
of guidelines available in the literature [33] and Multi v-shaped ribs with gap a present experimental 
work. Computational fluid dynamics (CFD) based analysis of Nusselt number, friction factor, thermo-
hydraulic performance of the V-shaped ribs, Multi v-shaped ribs and Multi v-shaped ribs with gap 
roughened solar air heater duct as a function of Reynolds numbers have been plotted and compared with 
those of the smooth duct under similar conditions. 
         Fig.15 shows the experimental results and CFD results of the Nusselt number (Nu) as a function of 
different shaped roughness geometries for selected Reynolds number. It is observer that the CFD values 
and experimental values of heat transfer (Nusselt number) very close to each other. The highest values of 
Nusselt number with gap for the multi v-shaped rib arrangement. Fig.16 shows the variation of Nusselt 
number ratio (Nu/Nus) with Reynolds number as a function of different shaped roughness geometries. It 
is observed that the highest value of the Nusselt number ratio with Multi v-shaped ribs with gap as 
compared other shaped roughness geometries. Table.2 shows the Heat transfer coefficient and friction 
factor correlations for different roughness geometries used in solar air heater ducts. 
 
 
Table.2. Heat transfer coefficient and friction factor correlations for different roughness geometries used 
in solar air heater ducts. 
Investigators Correlation heat transfer coefficient Correlation friction factor 
 [V-shaped rib] 
Momin et al.[3] 
 
Nu = 0.067 (e/D)0.424 Re0.888 (α/600)-0.077  [exp{-
0.782 (ln (α/600))2]  
f = 6.266 (e/D)0.565Re-0.425 (α/60)-0.093 [exp{-0.719 (ln 
(α/600))2]  
 [Multi v-shaped 
rib] 
Hans et al.[7] 
Nu=3.35×10-5 (Re)0.92 (e/D)0.77 (W/w)0.43(α/90)-
0.49exp (0.1177(lnW/w))2)× exp(-
0.61(ln(α/90))2)(P/e)-8.54×exp(-
f = 4.47 ×10-4Re-0.3188 (e/D)-0.73 (W/w)-0.22 (α/90)-0.39exp(-
0.52(ln(α/90))2) ×(P/e)8.9 exp(-2.133(ln(P/e))2) 
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 2.0407(ln(P/e))2) 
 
Multi v-shaped rib 
with gap 
Kumar et al., [9] 
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   The increase in the heat transfer rate in the   Multi v-shaped ribs with gap case is higher than that of the 
Multi v-shaped ribs for a similar rib cross section and operating conditions due to additions heat transfer 
by the secondary flow recirculation [10]. 
 
               Fig.15 Variation of Nu with Re.                                   Fig. 16 Variation of Nu/Nus with Re.  
 
4.4 Effect of different shaped roughness geometries on Friction factor (f) 
The secondary flow exerts a measurable effect in disturbing the axial flow profile, which increases the 
friction coefficient in non-circular duct [10]. 
       Fig.17 shows the experimental results and CFD results of the friction factor (f) as a function of 
different shaped roughness geometries for selected Reynolds number. It is observer that the CFD values 
and experimental values of friction factor (pressure drop) very close to each other. The highest values of 
Friction factor with gap for the multi v-shaped rib arrangement. Fig.18 shows the variation of Friction 
factor ratio (f/fs) with Reynolds number as a function of different shaped roughness geometries. It is 
observed that the highest value of the friction factor with Multi v-shaped ribs with gap as compared other 
shaped roughness geometries. 
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                Fig17. Variation of f with Re.                                          Fig 18. Variation of f/fs with Re. 
4.5 Thermo-hydraulic performance parameter (η) 
Study of heat transfer and friction factor characteristics of the roughened ducts and the literature reveals 
that an enhancement in heat transfer is always accompanied with increased pumping power penalty due to 
corresponding increase in the friction factor (pressure drop). Therefore, it is essential to determine the 
geometry that will results in the maximum enhancement in heat transfer with minimum increase in 
friction factor, thereby lower power penalty. In order to achieve this objective of simultaneous 
consideration of thermal as well as hydraulic performance, Lewis [12] proposed a thermo-hydraulic 
performance parameter known as efficiency parameters η, which evaluate the enhancement of heat 
transfer for same pumping power requirement and is defined as: 
 
 Fig.19 shows a plot of this parameter as a function of Reynolds number for all the roughness geometries. 
It is seen that Multi v-shaped ribs with gap gives higher thermo-hydraulic performance compared to the 
other ribs Multi v-shaped and V-shaped roughened ducts for the entire range of Reynolds number.  
 
Fig.19. Variation of Thermo-hydraulic performance with Re.  
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5. Conclusions 
On the basis Computational fluid dynamics (CFD) analysis of heat transfer and friction factor 
characteristics of the solar air heater duct with V-shaped ribs, Multi v-shaped ribs and Multi v-shaped ribs 
with gap roughness geometry on the absorber plate, the following conclusion can be drawn from the 
present work: 
1. CFD results have been also validated the smooth duct and different CFD model results were 
compared with Dittus-Boelter empirical relationship for smooth surface. Among all the models 
used, Renormalization k-epsilon model results have been found to have good agreement. 
2. The maximum enhancement in heat transfer and friction factor is observed in the Multi v-shaped 
ribs with gap as compare other shapes V-shaped ribs and Multi v-shaped ribs roughened solar air 
heater duct. 
3. The enhancement in heat transfer is found to be increased to 1.7,4.7,5.6 times  that of the heat 
transfer with that of the heat transfer of smooth surface for V-shaped, Multi v-shaped and Multi 
v-shaped with gap ribs roughened solar air heater. 
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